137 Cs vertical migration in soil was evaluated using two methods: evaluating migration parameters using the quasi-diffusion model, and modelling vertical migration using VS2DI software package, which is intended for simulating transport of pollution in different types of soil.
Introduction
After the Chernobyl nuclear power plant (ChNPP) accident in 1986, 137 Cs is considered as one of key artificial radionuclides in the environment. There were two most important periods of 137 Cs contamination of the Lithuanian territory: the first one was during the period of nuclear weapon tests in the atmosphere during , and the second one was after the ChNPP accident in 1986. This radionuclide contaminates environment, forms extra human exposure, and it is a tracer of geochemical and geophysical processes.
After the ChNPP accident Lithuania was directly in the path of contaminated air masses coming from Chernobyl. In 1987, it was determined that 137 Cs pollution density ranged from 7.4⋅10 2 to 3.0⋅10 4 Bq m -2 . The regions of elevated level of 137 Cs contamination, called "spots", ranging from square meters to square kilometres were observed (Butkus et al. 1994) . The largest amount of 137 Cs after the ChNPP accident is accumulated in the same areas, where fallout anomalies were registered after nuclear weapon tests (Butkus et al. 2001) . At present, contamination with 137 Cs is evaluated all over the whole territory of Lithuania, but the measurements were performed during different time periods.
Studies of distribution of 137 Cs in soils are relevant to the estimation of the density of contamination of soil layers, exposure forecast, determining the penetration depth as well as calculating the rate of natural self-decontamination (Baturin 1997; Израэль et al. 1998) . The content of 137 Cs in soil is mainly influenced by vertical migration, less influenced -by transfer in the groundwater and in the geosphere, even much or far less -migration in plants, and the least -by resuspension with wind (Шестопалов et al. 2001) . In soil with high moisture content radionuclide migration is significant (Фесенко et al. 1997) . The major processes of vertical migration are diffusion, convection transfer with the soil liquid, and migration via the roots of plants (Ажабов et al. 1999) . One of the most important factors is the presence of certain kinds of vegetation, in particular, coniferous trees, the litter of which retains radionuclides for a long time and carries out the role of a specific filter; or some representatives of berries and mosses. So, after the initial fallout radionuclides can hardly get into a soil with moss cover because they are engulfed by mosses and are kept fixed in them for a long time (Hrabovskyy et al. 2004) .
Models often used for description of
137
Cs vertical migration are those with Gaussian or exponential distribution of the radionuclide profile in an undisturbed soil (Фесенко et al. 1997; Hrabovskyy et al. 2004; Schuller et al. 2002; Isaksson, Erlandsson 1998; Barišic et al. 1999; Ivanov et al. 1997; Rosen et al. 1999; Holgye, Maly 2000; Bossew, Kirchner 2004) . Some authors use the exponential function of depth and experimentally determined parameters (Schuller et al. 2002; Isaksson, Erlandsson 1998) . The authors of (Barišic et al. 1999 ) describe
Cs vertical migration by a logarithmic-polynomial equation, using coef-ficients which can be found by the least-squares method using the measured cesium activities in the sampled soil compartment. Compartment models are also used, where migration is described by rate equations, and the rate parameters are transfer coefficients which characterize the rate of migration of a radionuclide between the layers (Kanapickas et al. 2005) . The authors of (Holgye, Maly 2000) use both the compartment model and diffusion model and find the transfer rate ranging from 0.18 cm/year -1 to 0.99 cm/year -1
. In this work we use the quasi-diffusion model where the main parameters are transfer rate and diffusion coefficient (Baturin 1997; Фесенко et al. 1997; Hrabovskyy et al. 2004; Ivanov et al. 1997; Rosen et al. 1999; Bossew, Kirchner 2004) . In the Ukrainian soils the diffusion coefficient (D) ranged from 0.06 to 0.69 cm , and w = 0.55 cm/year -1 (Hrabovskyy et al. 2004) . At the same time in Sweden the transfer rate value ranged from 0.2 cm/year -1 to 0.6 cm/year -1 (Isaksson, Erlandsson 1998; Rosen et al. 1999) .
The aim of the present work is to evaluate the longterm vertical radionuclide migration using two methods: quasi-diffusion model for vertical 137 Cs migration, and simulation with VS2DI software package. VS2DI is intended for modelling of pollution transport in varied porous media; thus, it can be used for simulation in different soil types.
Materials and methods

Sampling and measurement of
137
Cs concentration
In 1999-2000, the soil sampling was repeated in the regions of elevated contamination, ("spots"), where 137 Cs concentration was measured after the ChNPP accident: in the southern and western regions and the Curonian Spit ( Fig. 1) . Each region has a different soil type: the soil in the southern region is mostly clay loam, in the western region it is clay and sandy loam, and in the Curonian Spit it is mostly fine sand.
Soil was sampled in the 0-50 cm depth soil layer, in flat open places with an undisturbed structure of soil, at meadow or glade, not closer than 50 m from trees or shrubbery, and not closer than 100 m from roads. A metal ring with the 14 cm diameter and 5 cm height was driven into the soil, and soil samples were cut with a shovel. Each sample was divided into layers of 2 cm thickness from 0 to 20 cm depth and layers of 5 cm from 20 to 50 cm depth. 3 profiles were sampled in the southern "spot", 4 profiles -in the western "spot", and 8 ones were sampled in the Curonian Spit.
The soil samples were transported to the laboratory in plastic bags, dried and weighed, and their density was determined. The 137 Cs activity was determined using a gamma semiconductor Ge(Li) spectrometer with the registration efficiency of 0.26 % in the standard cells: 1 L volume Marinelli vessels. The radionuclide was identified by its radiation energy at 662 keV as well as 137 Cs con-
) and deposition density (Bq m -2 ) were evaluated. Fig. 1 . Regions of elevated contamination in the territory of Lithuania: A -southern "spot", B -western "spot", C -the Curonian Spit "spot"
Evaluation of
137 Cs vertical migration in soil using a quasi-diffusion model
It was accepted that
137 Cs vertical migration was diffusion and directional transfer, and the second-order differential equation was solved (Butkus et al. 2001; Фесенко et al. 1997; Ivanov et al. 1997; Holgye, Maly 2000; Bossew, Kirchner 2004) :
where q(x,t) is concentration of ; D(x,t) is the quasi-diffusion coefficient, m 2 y -1 ; λ is a constant of radioactive decay, y -1 ; w is the transfer rate, m y -1 , x is the depth of penetration, m; t is time of migration, y.
This model is applicable if the following simplifications may be applied: the vertical component is probably the dominant one, i.e. the model is purely onedimensional; the soil is homogeneous; D and w parameters are considered constant over the soil column as well as constant over time; sorption of 137 Cs is constant; only mobile form of 137 Cs takes part in the process; the parameter D combines two different physical processes, molecular diffusion and hydrodynamic dispersion of the solute, into a single constant (Bossew, Kirchner 2004) .
The mostly used solution of this equation, describing a single fallout with initial and boundary conditions, is:
q(x,t) = 0, when t = 0;
where δ(t) is the delta function; Q is the deposition density, Bq m -2 .
The solution of the equation is as follows (Butkus et al. 2001; Фесенко et al. 1997; Isaksson, Erlandsson 1998; Bossew, Kirchner 2004) :
where erf(x) is the error distribution function. However, the present 137 Cs contamination of Lithuanian soils is determined not only by deposition after the ChNPP accident. It was accepted that distribution of 137 Cs in the studied regions was formed in two stages. The fallout took place during 1945-1963 (global) and in 1986 ("Chernobyl"). Thus, the equation was modified, and the migration of 137 Cs was estimated by solving the equation (Butkus, Konstantinova 2003) :
(4) where Q 1 and t 1 are 137 Cs deposition density and time after the global fallout, Q 2 and t 2 are 137 Cs deposition density and time after the Chernobyl fallout.
Evaluation of
137 Cs vertical migration in soil using VS2DI software package For the forecast of 137 Cs vertical migration the VS2DI software was used. VS2DI is a graphical software package for simulating different pollution transport in saturated porous media. It combines a graphical user interface with a numerical model to create an integrated, windowbased modelling environment. Users can specify and change initial information: hydraulic and transport properties, initial and boundary conditions, grid spacing and other model parameters (Table) (Hsieh et al. 2000) .
We specified the following parameters: geometry and boundaries of the initial polluted region (in our case − the vertical section 10×20 cm); time, mass and depth dimension; initial hydraulic condition (in our case − open vertical section); soil type (in our case − clay loam, sandy loam and fine sand) (Fig. 2) (Lietuvos…1985); relative hydraulic conductivity, porosity, moisture content; decay constant and initial concentration of pollution (in our case − 137 Cs), and time of migration (Hsieh et al. 2000) .
Results and discussion
It has been obtained that vertical distribution of
137
Cs in all three soil types has two peaks. The first one is in the topsoil layers (in clay loam and sandy loam in the 2-4 cm layer, and in fine sand at the 0-2 cm depth). The second peak was observed at the 6-20 cm depth, depending on the soil type and landscape. We propose that the first increase is the result of the ChNPP accident fallout, and the second one is caused by the global 137 Cs fallout as a result of nuclear weapon tests, when 137 Cs migrated below the 20 cm depth.
The maximum peak was observed in the western region (sandy loam soil). In western Lithuania, in 1983, the 137 Cs surface activity density reached 1040 Bq m -2 , and in the territory of Lithuania it was not higher than 780 Bq m -2 (Butkus, Konstantinova 2003) . In the southern region and the Curonian Spit, before the ChNPP accident, the surface activity density of 137 Cs was not very high relative to the western region. Non-identical vertical distribution of 137 Cs in the regions could be explained by different physical and chemical parameters depending on the properties of soil. In particular, it may be the soil composition (loam prevails in the southern region, there is loam and sandy loam in the western region, and fine sand on the Curonian Spit), the soil moisture content, or landscape characteristics and vegetation (Шестопалов et al. 2001; Hrabovskyy et al. 2004; Barišic et al. 1999; Holgye, Maly 2000) .
As the forest litter retains caesium, the migration rate decreases significantly. On the Curonian Spit, most of the samples were taken in forests covering most of its territory. So, in this "spot" parameters of 137 Cs vertical migration are lower than in other regions.
For modelling of the quasi-diffusion coefficient and the transfer rate, Q 1 and Q 2 values were selected for each "spot". Modelled Q 1 and Q 2 values were based on real deposition density values determined in 1979-1984 and in 1992-2000 , and they were extrapolated using the values taken in 1963 and in 1986, respectively (Butkus et al. 2001) . Modelled t 1 and t 2 values represent time after the global fallout (37 y) and time after the Chernobyl fallout (14 y). Consequently, the modelled parameters of the quasi-diffusion coefficient D and the transfer rate w for each region and soil type are as follows: in the western "spot" (mainly sandy loam) D = 0.12 cm 2 y -1 , w = 0.26 cm y -1 , in the southern "spot" (mainly loam) D = 0.13 cm 2 y -1 , w = 0.29 cm y -1 , and in the Curonian Spit "spot" (fine sand) D = 0.10 cm 2 y -1 , w = 0.22 cm y -1 (Butkus, Konstantinova 2003) . These values are within the ranges given in the referred works, determined in the Ukraine and Sweden (Ажабов et al. 1999; Isaksson, Erlandsson 1998; Ivanov et al. 1997; Rosen et al. 1999) . Fig. 3 shows comparison of the results of two modelling methods and the measurement results of 137 Cs distribution in 1992.
137 Cs concentration at different depths was measured only in the southern "spot" and the Curonian Spit. Cs concentration measured and modelled using VS2DI software shows (Figs. 3, 4 ) that this software is good for evaluation of pollution after a short fixed time period. However, the vertical migration of the radionuclide in soil is a complex process which depends on a significant number of natural factors. Besides, multiplex deposition was not taken into account.
In 1992 it was observed that
Cs vertical distribution was exponential (Lietuvos… 1985) . At such a time "Chernobyl" 137 Cs was mainly in the first (top) soil layer (0-2 cm), so, exponential approximation was used for description of 137 Cs vertical migration. Cs concentration in soil profile was measured in the southern, western "spots" and the Curonian Spit "spot".
What can be the causes for some disparity observed between the measured 137 Cs concentration in soil and that calculated using both models? Even though the soil used in the experiment was not cultivated, it might be disturbed, for example, by wild animals as well as by worms and insects. Irregularity in the distribution of the radionuclide could result from changes in the soil moisture, irregular drying out of soil and by roots of plants. (4) is sufficiently adequate for the description of the long-term 137 Cs vertical migration, and the results of measurements and calculations coincide within the limits of error.
As we can see, VS2DI software does not give the second peak which appears using measuring and equation (4). The results of modelling and measurement coincide approximately to 7 cm depth.
137 Cs vertical migration modelled using VS2DI in the topsoil is close to 137 Cs concentration values measured in 1992. However, this program is not adequate for the description of the longterm 137 Cs vertical migration (in 1999−2000) . Hence, we conclude that VS2DI software can be used for the description of the radionuclide vertical migration only in the case of a single fallout.
Conclusions
1.
137 Cs vertical distribution in the soil of the studied regions (in three types of soil -clay loam, sandy loam and fine sand) has two peaks: the first one is in topsoil (in clay loam and sandy loam it is from 2 to 4 cm depth, in fine sand -from 0 to 2 cm depth), and the second one is at a depth from 6 to 20 cm, depending upon the soil type or landscape. We suppose that the first one is the result of the ChNPP accident fallout, and the second one is caused by the global 137 Cs fallout as a result of nuclear weapon tests, when 137 Cs migrated deeper than to 20 cm depth. 2. Variations of 137 Cs concentration in time modelled using VS2DI software are close to measured ones, particularly in 1992. This proves suitability of VS2DI software for simulation of 137 Cs vertical migration in the case of a single fallout.
3. The quasi-diffusion model is adequate for description of long-term 
